Smart environments interconnect indoor building environments, indoor wireless sensor and actuator networks, smartphones, and human together to provide smart infrastructure management and intelligent user experiences. To enable the "smart" operations, a complete set of hardware and software components are required. In this work, we present Smart Syndesi, a system for creating indoor location-aware smart building environments using wireless sensor and actuator networks (WSANs). Smart Syndesi includes an indoor tracking system and a WSAN for environmental monitoring and actuator activation, interconnected via a gateway with mobile users. The indoor positioning system tracks the real-time location of occupants with high accuracy, which works as a basis for indoor location-based sensor actuation automation. To show how the multiple software/hardware components can be integrated, we implemented a system prototype and performed intensive experiments in indoor office environments.
I. INTRODUCTION
Smart environments, for instance smart home or smart office, are expected to be intelligent and human-aware. Google's recent acquisition of Nest Labs [1] , whose products include smart sensor-driven and programmable thermostats, certainly shows the huge market potential of smart environment applications. In the meanwhile, Human-Centric Computing (HCC) focuses on improving application experiences by enhancing application usability. Research activities on HCC have been advancing in past years due to the rapid development of mobile devices such as smartphones, wearable devices, as well as distributed environmental sensors. Understanding human beings and their contexts certainly helps to facilitate the development of smart environment applications.
Home automation or office automation, targets to provide convenient, comfortable, and energy efficient home or working environments to the residents or occupants via the automation of home or office appliances. In particular, office automation could improve the office working experiences. For instance, when a man enters the office room, the lighting system should be switched on and be configured to a luminance level that is of his favorites, and the window curtains should also be opened automatically.
To provide software intelligence and being the human status aware, such as indoor locations, an efficient and accurate indoor positioning system is required. The system should be able to track user's indoor locations without asking people to carry additional devices. Moreover, an infrastructure management platform, such as a wireless sensor and actuator network, should be established to connect the software intelligence with hardware appliances such that intelligent decisions could be transfered to trigger the electrical appliances.
In this work, we have built an indoor location-aware smart office environment, by combining an indoor localization system with an infrastructure management system using existing office WiFi networks and wireless sensor and actuator networks. The system is able to track people's indoor location and automate the operations of office building appliances properly. The main contributions could be summarized as follows.
• We implemented and deployed the indoor positioning system in a smart office testbed, the Syndesi framework [2] , and integrated the indoor localization functions. • We implemented the Syndesi automation feature by enabling the indoor location-aware automation process. • We conducted a set of extensive experiments to validate the system in complex indoor environments with long tracking paths. Results show that the indoor locationdriven smart environment appliances automation is working fine in real-time fashion.
II. SYSTEM ARCHITECTURE
This section details the design of the proposed indoor location-aware smart environment architecture. We first present the architecture of the proposed system and it components. The Smart Syndesi framework, as shown in Figure  1 , is a system comprised of heterogeneous hardware devices together with intelligent software engines. It has three main components, namely the Syndesi wireless sensor and actuator network management testbed, an indoor localization and navigation engine, and a human-centric actuation automation module. In the following, we describe the functions of each module in detail.
A. Syndesi Testbed
Syndesi [2] focuses on providing personalized services for smart environments combining sensor networks, electrical appliances, actuators and gateways, utilizing communication protocols and technologies such as Near-Field Communication (NFC), Bluetooth, ZigBee, 802.15.4, 6LoWPAN etc. The whole system is built following a RESTful architectural approach, providing interoperability between its resources, devices, services and the Internet. Benefiting from Syndesi's REST-enabled services, many additional updates have been implemented. One of the most important updates is an interactive Android application for mobile devices, which allows smartphone users equipped with the Syndesi Android application to directly interact with the system's actuators, as well as to contribute with data collected from the smartphone sensors. Moreover, the mobile app integrates indoor localization mechanisms, which are discussed in detail in the next sections, in order to provide live location-stamped data and allow for operation automation based on user location.
The Syndesi components are deployed in 4 office rooms in the University of Geneva premises. The core WSAN includes 28 TelosB [7] and Zolertia Z1 [8] sensor motes which are connected with the existing electrical and electronic office devices, such as lights, fans, electric curtains etc., via solid state relays. The core of the Syndesi testbed is implemented on a Linux based machine where the gateway server is deployed. It serves as a connection point for all the elements and components as the WSAN, the mobile crowdsensing smartphone application, the web etc. Every service or resource is provided as a web service, in the form of a RESTful API deployed also in the gateway server, and linked to the web through a proxy service. In addition, an SQL database is hosted on the server where sensor data can be pushed via corresponding APIs. As REST architecture implies, the API calls have the simple form of a URI utilizing GET or POST methods.
B. Machine Learning-based Indoor Localization
To track people in indoor environments, we have designed an indoor positioning system to support real-time indoor localization and navigation. Our approach [10] is able to provide high accuracy by fusing smartphone's on-board sensor readings, such as Inertial Measurement Unit (IMU), WiFi received signal strength (RSS), and floor plan information in a particle filter. All the tracking algorithms run on the smart-phone itself, which requires no additional hardware deployment. Different localization approaches should be implemented based on the required accuracy. Some applications might need sub-meter level accuracy, while meter level accuracy could be sufficient for some applications. In smart environment applications, room level accuracy could already enable automate activations of actuators based on estimated user locations, such as turn on/off lights and open/close curtains when a user is coming/leaving into a room. Before the integration of the localization mechanisms, Syndesi application users had an assigned office room corresponding to their working location, which was used as location on their sensed data. Therefore, in this work, we regard a room level localization accuracy is enough and propose an indoor localization approach, which is able to provide user localization information in a room level accuracy.
The rapid development of WiFi capable mobile devices, and the wide availability of WiFi network infrastructure have promoted several research on providing indoor localization by using WiFi technology. However, instability of the WiFi signal propagation in indoor environments introduces errors in the localization process. Therefore, a simple WiFi localization approach like triangulation cannot cover the demands of practical applications. Nevertheless, WiFi signal propagation instability can be used as fingerprinting identifier for locations in indoor environments. Thus, we consider the room recognition as a classification problem and we propose a simple WiFi fingerprint room recognition approach. The key idea is to combine the signal strength from multiple access points in order to build WiFi fingerprints for supervised learning. In this work we propose a fingerprinting room recognition based on the WiFi RSS transmitted by nearby WiFi access points. This approach does not require additional specialized hardware or special infrastructure support, thus making it feasible for implementation even in mobile devices limited in power and resources. The proposed approach consists of two phases: the off-line training phase and the on-line localization phase. The training phase is intended to build the fingerprint database, which consists of vectors of WiFi RSS collected from the nearby WiFi access points. During the training phase, each survey room is characterized by a set of vectors of WiFi RSS readings. During the on-line localization phase, the predicted room likelihood is calculated based on the previously collected information and the current WiFi RSS vector. Thus, room recognition can be handled by searching for the closest match of the test data in feature space. We implement two simple yet proven to be efficient classification algorithms for this purpose: the K-Nearest Neighbor (KNN) algorithm and the Support Vector Machine (SVM) classifier. KNN and SVM are some of the simplest classification algorithms available for supervised learning [3] . Therefore, when a localization task is launched in the mobile app, both classifiers are employed and in case of a classification mismatch, the process is repeated with a newly collected WiFi RSS vector.
C. Mobile Application
The mobile application has been developed in Android Studio and IntelliJ IDEA [5] using the Android SDK with API level 21. It supports devices from API level 15 and above, which now encompasses over 99.1% of Android smartphone users [6] . It has three main components, the sensing unit, the localization unit and the control unit.
1) Sensing unit: The sensing unit is responsible for querying the smartphone sensors for values. With user permission, the application discovers the available sensors in the device and establishes a monitoring scheme with a customizable polling rate, the default value being one measurement per minute. After each new sensing event, the raw data is transmitted to the server, after being stamped with the user's id and location provided by the localization unit. All tasks performed by the sensing unit are run as services that can run also in the background, therefore allowing for continuous data collection even during the smartphone's idle periods.
2) Localization unit: The localization unit is where the localization tasks are implemented. The lightweight version of the tracking algorithm implemented uses only the radio information component to derive the user room, in a timeinterval defined by the user. When a localization task is launched, the app scans for surrounding WiFi signals and forms a new WiFi RSS vector, which is then fed on the SVM and KNN classifiers. The classifiers used for the localization come from OpenCV [4] , an open source computer vision and machine learning library.
3) Control unit: The control unit handles the various actuation/automation tasks as well as the resource and power management. It communicates with the gateway server in order to receive the list of sensor nodes registered in the WSAN. The nodes are displayed on the app screen and the user can toggle a node by clicking on it. Besides the manual triggering of the actuators, the control unit includes an automated environment control module which uses the tracked indoor location to activate smart management within the Syndesi framework. With that feature enabled, when a change of location is detected, it triggers a process that switches on the appropriate electrical appliances that are located in the same office room. Moreover, a user can set in the environment control configuration a desired temperature and illuminance, which when compared to the live measured values will actuate an office fan, turn off some lights or pull up/down a curtain in corresponding cases. Figure 2 shows a screenshot of the application home screen, where the latest sensor values are displayed as well as the current location and the server status. Figure 3 shows the environment control app module. 
III. SYSTEM DEPLOYMENT AND EVALUATION A. System Deployment
We deployed the system at the TCS-Sensor Lab in the Computer Science department at University of Geneva with an office area of nearly 260 m 2 . In order to cover the area of the 4 office rooms and the in-between corridor with WiFi signals that are sufficient to feed the localization algorithm, we deployed 5 WiFi access points. Each room has multiple sensors (e.g., humidity sensor, illuminance sensor, etc) and electrical appliances as actuators (e.g., desk fans, desk lights, and electrical curtains). Each actuator is paired to a sensor mote via a solid state relay [11] . The relay is connected to the 220V power supply, to the actuator and to the sensor mote. The relay receives a 3V output from the mote once a location match is detected on the app, thanks to the accurate indoor localization mechanisms. The current generated from this voltage then enables the relay's underlying circuit and the correlated appliances will be switched on automatically.
B. Evaluation
For the evaluation of the overall built system, an experiment scenario was defined. The experiment consists of a person holding the smartphone and walking through the office areas following a predefined path, shown as green dash line in Figure  4 . From the starting point, the person holds the smartphone and enters office rooms one by one, triggering the "relocate" function on the defined "check points" on the ground (shown as number 1-6 in Figure 4 ). During that time, the mobile app is configured to have the environment control function enabled so the expected outcome is the enabling/disabling of the corresponding electrical appliances as the location changes. As WiFi received signal strength depends on the smartphone hardware components, we used 3 smartphone models from different manufacturers, and their detailed specifications are shown in Table I . The experiment scenario was repeated 20 times for each phone and for every checkpoint we gathered metrics on the room recognition and appliance actuation. As results shown in Figure 5 , the overall accuracy of the room recognition was far greater than 90%, which proves the efficiency of the deployed localization system. In particular, we notice that check points 1,3,5,7 and 8 which are all located inside the 4 offices achieved perfect score. This is an important result since for our experiment scenario, a corridor miss is far less critical since it is basically a transitive state. Regarding the actuation of office appliances, in the case where the office room was correctly detected, the system demonstrated robustness and reliability as there were no fails in the steps followed by the phone-server-WSAN to enable the automation, as shown in the results figure.
IV. CONCLUSION
In this paper, we presented an indoor location-aware smart environment system. The system consists of an indoor localization module, a wireless sensor and actuator network for electrical appliance management, and a gateway interconnecting office appliances, localization engine with smartphone users. Thanks to the accurate indoor localization module, the system is able to identify people's indoor locations in realtime, which then trigger the automation of office appliances. We have implemented the prototype, and deployed the system in an indoor environment with 4 office rooms in the Computer Science department of University of Geneva. We have performed multiple experiments with different smartphones models to validate the system functionalities and performance. Evaluation results show that the estimated indoor locations are of high accuracy, and the automation of office appliances can be triggered by the estimated indoor locations in real-time.
In the future, an envisioned milestone is to offload the localization algorithm computations to the cloud/edge servers that are deployed in the smart environments. In this way, we can deploy the full tracking system and even experiments with more advanced machine learning techniques and algorithms which were overly demanding in power and computational resources to be implemented on a mobile device. Moreover, we plan to enhance the system with more power-efficient management as well as security features to make it privacypreserving.
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